Poly(lactic acid) was filled with 20 wt% of the three mineral fillers Mica, Zeolite, and Vansil, differing in the particle shape and surface area. Viscoelastic properties of unfilled and filled composites were investigated via dynamic mechanical analysis, while filler and fracture surface morphology of the composites was analysed through scanning electron microscopy. Results demonstrate the relationships between viscoelastic damping behaviour of filled PLA composites and the filler distribution in the PLA matrix. Both damping reduction and scanning electron microscope analysis revealed that Zeolite was better distributed in the poly(lactic acid) matrix than the other used fillers Mica and Vansil. The interfacial filler/matrix adhesion has again proved to be the key factor determining thermal and mechanical properties of reinforced composite material.
Introduction
Annual global production of polymers produced from petroleum has arrived at 150 million tons, with an expected growth of 5% p.a. [1] . Formation of fossil fuels has taken millions of years to form and due to extensive utilization their supply is now limited. In addition, the majority of the produced short-term goods made from plastic end up in landfills for indefinite periods of time. From this it is evident that the development of competitive renewable and biodegradable plastic materials is inevitable [2] . Poly(lactic acid), PLA, is at present one of the most promising biodegradable thermoplastics, also due to its commercial availability. Successful applications are seen in packaging, textile industry, in the biomedical field, and also in fiberreinforced composite manufacturing. To enhance competitiveness of PLA-based applications, the costs need to be optimized by using affordable filling materials. Due to its nucleating and reinforcing function mineral (inorganic) fillers such as talc, mica potassium titanate, calcium carbonate, calcium sulfate anhydrite, and hydroxyapatite are commonly used [3] [4] [5] [6] [7] [8] . The influence of mineral fillers on thermal and mechanical properties of polymer composites depends on a number of factors, among filler concentration, filler particle size and shape, filler/polymer adhesion, filler dispersion in the polymer matrix, and the applied composite processing [8] [9] [10] [11] .
Dynamic mechanical analysis (DMA) is known as a technique that combines both mechanical and rheological characterization of polymer samples as a function of temperature, time, and frequency of the applied oscillating deformation force. Determination of relaxation phenomena enables us to evaluate glass transition, stress relaxation, dynamic fragility parameter, miscibility of the polymers, interfacial compatibility of the individual composite components, and filler effectiveness (in the case of filled composites) [12] [13] [14] [15] [16] . It is known that a good distribution of fillers in polymer matrices is essential for high performance of the composites [17] [18] [19] [20] . We hypothesize that the state of filler dispersion in polymer matrices influences the viscoelastic properties. To address this hypothesis dynamic mechanical analysis was used as a method to predict filler distribution 2 International Journal of Polymer Science in polymer matrices. We assessed the state of dispersion in a PLA matrix of the mineral fillers Mica, Zeolite, and Vansil. The mineral fillers differed chemically as well as in their physical properties. However, the average particle size of 5 μm was constant across the filler types. Interfacial compatibility between PLA and mineral filler was improved using 4,4 -methylenediphenyl diisocyanate (PLAg-MDI; [21] ). Viscoelastic properties were analyzed by DMA, while morphology was investigated with scanning electron microscopy. . Glass transition temperature and melting temperature of the native PLA resins were 60.5
Experimental
• C and 151.1
• C, respectively. PLA-g-MDI polymer matrix with 1 wt% of MDI was prepared according to Li and Yang [22] . Chemical formulas along with physical properties of the mineral fillers are shown in Table 1 ; the structural nature is seen in Figure 1 .
MDI-modified PLA film composites were filled with 20 wt% of the mineral fillers Mica, Zeolite, or Vansil. The fixed concentration of 20 wt% was chosen as it was as a mechanical optimum, exhibiting also minimal brittleness. Composites were prepared through solution casting in chloroform followed by thermoforming (see Figure 2) [13].
Dynamic Mechanical Analysis (DMA).
The viscoelastic properties of PLA and PLA/mineral filler films, the storage modulus (E ), loss modulus (E ), and damping factor (tan δ = E /E ) were both measured on a Netzsch DMA 242 C operated in tension mode at 1 Hz frequency, within a temperature range between −20 • C and 120
• C, and a heating rate of 3
• C/min. Strips were cut from the films at the size of 10 × 6 × 0.18 mm 3 .
From the values of storage moduli obtained at the glassy and rubbery regions, at a sweep frequency of 1 Hz, the filler effectiveness (Factor C) in polymer matrix can be evaluated [23] .
where, E g and E r are storage moduli determined at the glassy and rubbery regions, respectively. The state of filler dispersion in the polymer matrix was determined by calculating the damping reduction (DR) [24] , which is a ratio of the determined damping factors (tan δ) of the neat and filled PLA-g-MDI composite types: 
Results and Discussion

Tensile Fracture Surface
Analysis. SEM micrographs showed the different filler particle shapes in the composites (Figure 3 ). Mica was mostly platy, the zeolites had a blocky structure, and Vansil created fibrous aggregates. Zeolite and Vansil were uniformly distributed in the PLA-g-MDI matrices indicating the efficiency in mixing the filler within the polymer matrix. In contrast, Mica was less distributed as it deposited on the bottom of the films. This deposition is connected to the applied solution casting method. The fracture surfaces of PLA-g-MDI filled with Mica and Vansil (Figures 3(a) and 3(c)) have shown voids between filler particles and the polymer matrix, which was taken as an evidence for poor adhesion. In opposite, SEM microscopy of PLA-g-MDI matrix filled with Zeolite particles indicated much better adhesion. Even with the Zeolite forming small agglomerates to some extent, fracture surfaces of this composite did not show voids or any sign of irregular distribution of the filler.
Viscoelastic Properties.
Viscoelastic properties of composites (E , E , and tan δ) were detected through DMA to detect any changes in the sample in terms of mechanical, rheological, and thermal trends. Figures 4, 5 , and 6 show storage moduli, loss moduli, and damping factors (tan δ) as related to temperature.
All mineral filler types incorporated in the PLA-g-MDI matrices have raised the storage modulus of composites. The surfaces of these particles hold a number of hydroxyl groups that may have created agglomerates or caused poor dispersion in the hydrophobic PLA-g-MDI matrix. The differences in the obtained storage modulus values can be explained by the expressed chemical and physical differences among the filler types, that are, surface area, particle shape, hardness, and pH level [17, 18] . All these factors are crucial for the resulting mechanical and thermal properties of the obtained composites. Filler effectiveness (Factor C, formula 1) indicating the composite reinforcing capacity can be seen in Table 2 .
By definition, the unfilled polymer matrix film has a factor C equal to 1. Factor C lower than 1 indicates a mechanical stiffening effect as well as a thermal stability contribution of the used filler. According to the obtained values mineral filler contributed to the PLA-g-MDI stiffness in the order Mica > Zeolite > Vansil.
Maximum loss moduli (E ) of all PLA-g-MDI/mineral filler composites were higher than those obtained from unfilled PLA-g-MDI ( Figure 5 ) indicating that the fillers contributed towards a greater viscous response due to the occurred friction between filler and polymer matrix. The values of glass transition temperature (T g ), determined at the loss modulus peak temperature, reflect differences in the polymer chain segment mobility. The Mica filler has caused a T g shift of about 4
• C towards higher temperatures, which is connected to a more restricted mobility of the PLA chains.
Damping (tan δ) is highly sensitive to structural transformations of the polymers. The incorporation of fillers in polymer matrices usually broadens the tan δ peak and changes its intensity depending on the actual damping mechanisms in composite. Composites with mineral filler in contrast to neat polymer show broader tan δ peaks ( Figure 6 ). The broadening of damping peak may be connected with the polymer chain arrangement that took place during the solution casting procedure. Mica and Vansil in contrast to Zeolite increased in a PLA-g-MDI matrix, an expressed composite damping. Additional damping in the particle-filled polymer composites may have occurred due to particle-particle friction, particle-polymer friction, induced thermal stresses near the interface, and the changed polymer morphology [12, 19, 20] . Table 3 shows the damping characteristics of PLA-g-MDI composites. The negative values of the damping reduction (PLA-g-MDI/Mica and PLA-g-MDI/Vansil) indicated the increase in damping. In accordance to the SEM analyses it is suggested that the increase in damping has occurred due to the breakdown of filler agglomerates. The lower tan δ intensity of the PLAg-MDI/Zeolite composite indicates a better distribution of Zeolite prevalent in the PLA-g-MDI matrix.
Conclusions
Effect of 20 wt% of the mineral fillers Mica, Zeolite, and Vansil on the state of dispersion in PLA-g-MDI polymer matrix by the determination of viscoelastic properties as well as SEM microscopy was investigated. All used mineral fillers increased mechanical stiffness and have also changed the resulting molecular mobility of the PLA-g-MDI composites. The increase of storage modulus was accompanied with an increase of the loss modulus. However, the tan δ intensity was different, depending on the present damping mechanism. With the obtained scanning electron microscope analyses it can be concluded that Zeolite was best dispersed in the PLAg-MDI matrix, compared to Mica and Vansil. Also, the values of damping reduction (DR) showed differences among the used mineral filler types. The fact that filler-filler friction due to broken agglomerates has contributed to the higher damping intensity can be used as an indicator for the filler distribution status. On the base of coherent observations of the filler distribution by both, the damping reduction and the SEM analysis, we conclude that DMA is a quick and reliable method to predict the functional morphology of PLA-based composites. 
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